We examined the effects of serum glucose concentration during middle cerebral artery (MCA) oc clusion in the cat on death rates in animals that died from hemispheric edema and on infarct size in animals that survived. We occluded the MCA permanently in some groups and released the clip after 8 h in others. By inject ing or infusing glucose solutions, saline, or insulin, we maintained six animal groups steadily either hyper-, normo-, or slightly hypoglycemic before and for 6 or 8 h after permanent or 8-h temporary MCA occlusion. Stud ies with these groups revealed a distinct optimal outcome with normoglycemic animals. In three additional groups, we altered the glycemia after permanent occlusion from hyper-to normo-or hypoglycemia and from normo-to hyperglycemia. Two of the three hypoglycemic groups (8-h reversible and permanent hyper-to hypoglycemic occlusions) yielded the worst outcomes in this study, with > 10 x larger median infarcts than the best outcome group Hyperglycemia as an influence that greatly aggra vates the brain pathologic consequences of expo sure to cardiac arrest (anoxia) was first described over 15 years ago (Myers and Yamaguchi, 1976) . The view that hyperglycemia accentuates the brain damage in anoxia has become widely accepted based on a large body of evidence (Myers and de Courten-Myers, 1985; Siesj6, 1988). Similarly, with respect to focal ischemia, elevating the serum glu cose concentrations at the time of either permanent or temporary middle cerebral artery (MCA) occlu sion in cats also increases both the frequency with which the animals die of hemispheric edema sec-
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ondary to the infarction and the infarct size in ani mals that survive (de Courten- Myers et al., 1988 Myers et al., -1990 .
It has been suggested that reduced serum glucose concentrations, either during or even following ex posure to anoxia or global ischemia, may protect the brain. Certainly, a number of studies have pre sented evidence of a reduced severity of neurologic abnormalities, increased survival, and diminished brain damage following such exposures (Robertson and Grossman 1987; LeMay et al., 1988a,b; Voll and Auer, 1988; Voll et al., 1989; Strong et al., 1990) . If hypoglycemia protects the brain against anoxia or global ischemia, then it can be speculated that it may protect against focal ischemia (ischemic stroke in humans, MCA occlusion in animals) where the blood flow to brain regions may be re duced rather than abolished. However, given the marked differences in the brain metabolic and pathologic consequences of exposure to global ver-sus focal cerebral ischemia, such an extrapolation may not be warranted. Indeed, the results of the present study not only fail to support the view that reducing the serum glucose concentration below normal in an experimental stroke model is brain protective, but they positively indicate that hypo glycemia, like hyperglycemia, aggravates brain pathologic outcome.
MCA occlusion in the cat is a satisfactory model of· cerebrovascular occlusion in humans since it causes similar outcomes, which may range from no damage to brain to a marked edema affecting the ischemic territory leading to herniation of brain tis sue past the tentorial edge, brains tern compression, and death (de Courten- Myers et aI., 1989a) . It also causes fixed brain infarcts in surviving animals that may affect up to 95% of the MCA territory.
The MCA in cat supplies blood to close to 50% of the cerebral hemisphere (de Courten- Myers et aI., 1988) . Occluding the MCA for 30 min in the cat reduces the cerebral blood flow in the center of its supply territory (middle ectosylvian gyrus) by 70 ± 16% (mean ± SD, n = 20) (de Courten- Myers et aI., 1993) . The length of temporary cerebrovascular oc clusion compatible with an improved outcome com pared with permanent occlusion depends on serum glucose concentration. In hyperglycemic animals this time limit lies between 0.5 and 4 h, while in normoglycemic animals it is lengthened to between 4 and 8 h (de Courten- Myers et aI., 1989b) . Thus, MCA occlusion in the cat appears appropriate to study the effects of serum glucose concentration on brain pathologic outcome.
The present study raises the following questions: (a) Does altering the serum glucose concentration to hyper-, normo-, or hypoglycemic levels shortly af ter permanent MCA occlusion affect brain patho logic outcome compared with maintaining normo or hyperglycemia for 6 h? (b) Does a sustained in sulin-induced hypoglycemia at the time of and after permanent MCA occlusion reduce the mean infarct size compared with a sustained normoglycemia that itself is accompanied by fourfold smaller infarcts than is hyperglycemic occlusion (de Courten- Myers et aI., 1988) ? (c) Can the time available to improve outcome by restoring blood flow be expanded be yond that of normoglycemia by inducing a slight hypoglycemia with insulin? (d) What are the risks and benefits of restoring blood flow by clip release after 8 h compared with permanent MCA occlu sion?
METHODS
Nine animal groups, 10-13 cats/group, make up the present study. These groups differ only in serum glucose J Cereb Blood Flow Metab, Vol. 14, No.2, 1994 concentration at the time of and for 6 or 8 h after MCA occlusion. Three groups were SUbjected to 8 h of occlu sion followed by clip release, while the remaining six groups sustained permanent occlusion. The findings from four of the groups (nos. 2, 3, 8, 9; Table 1 ) have been reported elsewhere (de Courten- Myers et aI., 1988 Myers et aI., , 1989a Myers et aI., ,b, 1990 Myers et aI., , 1992 .
The randomization of the groups was incomplete, but the reproducibility of the results has been demonstrated for two of the groups widely separated in time, with the mean of one group falling within 1 SEM of the other. Also, the infarct size as measured morphometrically by two raters correlated well (regression coefficient r = 0.936, p < 0. 01, n = 18).
The technical procedures involved in preparing the an imals and occluding the MCA are described in greater detail elsewhere (de Courten- Myers et ai., 1988 Myers et ai., , 1989a .
Anesthesia
All animals were anesthetized with pentobarbital 35 mg/kg. After induction, anesthesia was maintained with additional hourly 2-mglkg doses for 8 h to permit contin ued postsurgical physiologic monitoring and clip release in the three animal groups. Throughout anesthesia, body temperature was maintained at 38.5 ± O.5°C using warm water blankets and external heat as needed.
Surgical procedures
After the animals were fully anesthetized, catheters were placed in the right femoral artery and vein through an inguinal cutdown. Catheter tips were positioned and secured so their tips rested at the level of the thoracic aorta and superior vena cava. The arterial catheter was used to record various cardiovascular variables and to sample blood for acidlbase and respiratory gas analyses; the venous catheter allowed for injection or infusion of drugs and fluids.
We used a transorbital approach to expose the MCA just lateral to the optic chiasma. This surgical approach minimizes both brain exposure and retraction. The MCA was occluded 3-6 mm lateral to the optic chiasma prior to any major vessel branching using a miniature Yasargil aneurysm clip. The occlusion of the vessel itself took place atraumatically; blood flow measurements in other experiments have demonstrated a return of flow on clip release (unpUblished). A Wild operation microscope with variable magnification allowed full illumination of the field and precise clip placement.
Control of glycemia
The main experimental variable examined in the present study was serum glucose concentration. All ani mals were food deprived for 48 h prior to study to deplete their liver glycogen as an adjunct to maintaining the se rum glucose concentrations intraoperatively within nar row ranges. All animals had free access to water during food deprivation, and on the day of the procedure, they received similar volumes of intravenous fluids (10 rn1/kg/h for 1 h before and 5 rn1/kglh for 8 h after occlusion).
Regulation of serum glucose concentration
Animals were maintained normoglycemic by infusing 0.9% NaCI, hyperglycemic by infusing a 10% glucose so lution, and hypoglycemic by infusing regular human in sulin in saline [an initial bolus of 1 Ulkg followed by an infusion of 0.3 U/kg/h (Groups 1, 5, 7)]. The cats were 
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Group 9
(n = 13) (n = 13) (n = 13) (n = 13) (n = 13) (n = 13) (n = 13) (n = 13) (n -= 13) rendered stably normo-, hyper-, or hypoglycemic prior to occlusion, and the same glycemia levels were maintained steady for 6 h in three permanent occlusion groups (nos. 1, 2, 3) and for 8 h in three groups in which the clip was removed after 8 h of occlusion (nos. 7, 8, 9) . The remain ing three groups (nos. 4, 5, 6) were rendered normo-or hyperglycemic at the time of permanent MCA occlusion, but immediately after occlusion, the infusion was switched to 10% glucose, saline, or insulin for 8 h, re spectively, to alter the serum glucose concentrations to hyper-, normo-, or slightly hypoglycemic levels. Tables 2  and 3 show the nine animal groups' serum glucose con centrations before, at the time of, and for 8 h after occlu sion. All normo-, hyper-, and hypoglycemic values differ significantly from each other, except for the + 1 h after occlusion values in the cats of Groups 4 and 5, when new levels of serum glucose concentration had not yet been achieved.
Physiologic monitoring
We monitored multiple cardiovascular and blood com positional variables prior to and for a minimum of 8 h after MCA occlusion to validate group comparability with respect to these parameters. The variables monitored in cluded continuous blood pressure, heart rate, and core temperature recordings and hourly blood samples for re spiratory gas, pH, and hematocrit determinations. In other studies with the present model, we have demon strated a fixed relation between the rectal (x) and brain (y) temperatures during normal brain blood flow, yielding the equation: y = 4.1795 + 0.871x, r = 0. 6171, p < 0.00 1 (based on 43 observations in 43 animals). Thus, maintain ing the animals' core temperatures within defined limits as described in the present study also maintained their brain temperatures within comparable limits.
Animal exclusion
In the present study animals were excluded because of blood loss of > 10 ml during surgery, bleeding into the subarachnoid space, intercurrent infection, inability to verify clip placement intraoperatively, and deviant phys iologic values (including blood pressure reduction of <85 mm Hg, body temperature of <37.5 or >40.0°C, P a02 of <80 mm Hg, Paco7 of >50 mm Hg, and pH <7.10). insulin saline 10% glucose saline insulin 10% glucose n = 10 n = 13 n = 12 n = 13 n = 10 n = 13 Serum glucose concentrations (mmoIlL) Control Period: 5.6 ± 0.9 5.3 ± 1.2 5.5 ± 2.9 6.9 ± 2.6 5.1 ± 0.4 5.7 ± 1.5 MCAD Oh :
2.9 ± 0.4 6.1 ± 1.9 21.9 ± 7.6 21.8 ± 6.7 22.4 ± 2.1 5.9 ± 1.3 1 h:
3. 
Neurologic and brain pathologic evaluation
We provided all animals routine intensive, postopera tive care until either they died, usually within the first 48 h of hemispheric edema and brainstem compression, or they fully recovered from anesthesia. Animals that sur vived the procedure acutely were maintained for 2 weeks in a standard animal care setting. During this time they were evaluated daily neurologically. Following 2-week survival these animals were deeply anesthetized with pentobarbital 40 mg/kg, and their brains were perfusion fixed with 10% buffered formalin. The animals that died during the first 2 days from hemispheric edema were au topsied to verify a cerebral cause of death. Their brains also were either perfusion-fixed or fixed by immersion in 10% formalin for 2 weeks.
Brain pathologic examination
After fixation for 2 weeks in buffered formalin, all brains were examined grossly for evidence of edema, tis sue herniation, or areas of softening. Details of aneurysm clip placement were ascertained in all the animals sub jected to permanent clip placement where the clip re mained in place. All brains were sliced into six standard coronal sections and embedded in paraffin, and whole mount sections were stained with hematoxylin and eosin for microscopic examination.
Infarct sizes were assessed morphometrically based on the microscopic brain sections in all cats killed electively after 2-week survival. The infarcted tissue areas and the total ipsilateral brain hemisphere areas were measured on each of the six representative brain slides using com puter-assisted morphometry (BioQuant). Total hemi spheric parenchyma was set as 100%, and the sum of the infarcted areas was expressed as a percentage of the total hemispheric areas. Expressing the infarcts as fractions of the whole hemisphere in the same animal avoided errors related to variable tissue shrinkage due to fixation and paraffin embedding. Because area measurements were J Cereb Blood Flow Metab, Vol. 14, No.2, 1994 taken of the six standard sections through the entire hemi sphere, they were proportionate to volume measure ments. We expressed the resulting volumes as percent ages of the MeA territory, assuming the MeA territory encompasses one-half of the cerebral hemisphere based on our earlier perfusion studies with carbon black injec tions. Brains from animals that died acutely of hemi spheric edema were not subjected to quantitative infarct size assessments (a) since exact demarcation of white matter infarcts from normal brain tissue was not always possible and (b) because of the variable duration of sur vival, which affects infarct size and extent of edema (Persson et al., 1989) .
We have expressed outcome from MeA occlusion in three ways: (a) rates of acute death caused by marked MeA territory edema accompanied by hemispheric tissue herniation and brain stem compression; (b) infarct sizes determined morphometrically in animals surviving 2 weeks; and (c) measures of overall group outcome based on the findings with animals dying acutely from hemi spheric edema combined with the findings obtained from those that survived long term. This latter combined out come measure was obtained by assigning the MeA terri tory infarcts in the animals that died acutely the maximal value of 100% since the entire MeA territory in all such animals showed gross and microscopic evidence of edema and acute infarction. Because the fatal infarcts are not strictly comparable with the infarcts in long-term sur vivors, we used median rather than mathematical mean values for data analysis. The median values of infarcts in surviving animals are not affected by the infarct values in the acutely dying animals since morphologic examina tions demonstrate the fatal infarcts are larger than those in surviving animals and the percentage of animals dying acutely is <50%.
Statistical methods
We evaluated the various physiologic parameters at 10 different time points during the experimental procedure Before/at MCAO: insulin saline 10% glucose For 6 h after MCAO: insulin saline 10% glucose n = 10 n = 10 n = 10 Serum glucose concentrations (mmollL) Control period: 6.7 ± 3.9 5.8 ± 1.5 6.2 ± 1.2 MCAO O h:
3.3 ± 0.6 6.3 ± 1.5 22.5 ± 3.3 1 h:
3.2 ± 0.4 7.0 ± 1.8 21.3 ± 3.3 2 h:
3.8 ± 0.3 7. 7 ± 1.8 20.9 ± 3.0 3 h:
3.4 ± 0.5 8.3 ± 1.5 21.5 ± 2.4 4 h:
3. 7 ± 0.8 8.6 ± 1.2 21.4 ± 3.3 5 h:
3.4 ± 0.4 9.0 ± 1.2 20.5 ± 3.3 6 h:
3.2 ± 0.3 9.1 ± 0.9 18.2 ± 3.6 7 h:
3.4 ± 1.1 9.4 ± 0.9 21.5 ± 3.3 8 h:
3.3 ± 0.6 9.3 ± 0.6 21. to define differences between animal groups using a gen eral linear models procedure and post hoc Duncan mul tiple range test. Because the infarct sizes were not nor mally distributed, we utilized Wilcoxon's rank sum test to analyze those data. To corroborate the Wilcoxon test re sults, we used a two-way analysis of variance after square root transformation. We compared the incidences of fatal hemispheric edema among the different animal groups us ing Fischer's exact test combined with the Bonferroni correction.
RESULTS

Composition of nine animal groups
We used 10 1 animals in the present study, divided into nine experimental groups with 10--13 cats each. These groups differed only regarding their values, temporal distributions of serum glucose concentra tions, and types of MCA occlusion, i.e., whether the occlusions were permanent or 8-h temporary. Table 1 presents the various cardiovascular and blood compositional variables as monitored at five representative time points. As can be seen, these variables remained closely similar among the ani mals of the nine groups. Only a single variable in a single group (Group 5 hematocrit) in 63 groupings of values differed significantly from the means of its comparison groups.
Group comparability
Neurologic and brain pathologic outcome
Twenty-three animals died within the first 2 days following exposure. These animals remained flaccid and unresponsive to painful stimulation (paw pinch) during their entire survival and ultimately died of respiratory failure within 8-48 h (20 ± 10 h, mean ± SD). Their brains all showed a massive edema re stricted to the MCA territory evidenced by an in creased volume of the affected hemisphere as a whole, causing a shift of midline structures to the opposite side, herniation of the posterior inferior cingulate cortex past the tentorium, and compres sion of the midbrain. The convolutions within the MCA territory appeared swollen throughout and showed a dusky discoloration. Microscopically, all gray matter structures within the MCA territory showed evidence of circumscribed, early infarction (pale staining throughout, marked tissue vacuola tion, and nerve cells with acute ischemic cell changes, the extent of which increased with dura tion of survival). Damaged white matter, on the other hand, failed to show any clear line or zone of demarcation from unaffected white matter. Also, the variable duration of survival among animals dy ing acutely precluded morphometric infarct size es timates in this group.
Other animals survived long term, some of which remained comatose for 1-2 days after MCA occlu sion. However, these animals managed to survive the acute period and were killed 14 days later for brain pathologic examination. During the first sev eral days of survival, these animals showed a con tralateral weakness, forced circling toward the side of occlusion, and impaired tactile placing reactions in both contralateral extremities. However, 2 weeks later, most of these animals showed nearly com plete neurologic recoveries. Nonetheless, careful neurologic evaluation of these animals continued to demonstrate persistent impairments in placing reac tions. On pathologic examination, the brains of these animals showed well demarcated zones of tis sue infarction, with tissue collapse variably affect ing the entire thickness of cortex, the underlying white matter, and the head of the caudate nucleus. Animals with brain infarcts that affected at least 12% of the occluded MCA territory all also exhib ited microscopically apparent stigmata of posterior inferior cingulate cortex herniation (de Courten Myers et ai., 1990) .
Animals of a third outcome group failed to show any neurologic abnormalities following their recov ery from anesthesia. All of these animals survived and were killed 14 days later. Their brains either showed no gross or microscopic abnormalities, or they showed small-to medium-sized, well circum scribed infarcts.
Clinical/pathologic outcomes according to animal group
The nine animal groups of the present study were subjected to different treatment schedules regarding injections or infusions of saline, glucose, or insulin solutions to regulate their serum glucose concentra tions. Tables 2 and 3 show the different methods of treatment and the animals' serum glucose concen trations during the control period, at the time of Each animal's pathologic outcome is shown as infarct size in animals that survived 2 weeks or in animals that died acutely from MCA territory edema and infarction with brainstem compression (included as 100% infarction). Each animal group is composed of 10-13 animals with permanent and 10 animals with 8-h temporary MCA occlusion. MCA occlusion, and for 8 h thereafter. Finally, these tables describe the animals' brain pathologic outcomes in terms of percentage that died early from hemispheric edema and brains tern compres sion, the size of infarcts in animals that survived 14 days as determined by quantitative morphometry, and the median infarct sizes of all animals of the individual groups including those that died. We present the latter as a measure of overall pathologic outcome. Figure 1 presents the individual infarct sizes of animals in six groups subjected to hyper-, normo-, or hypoglycemic permanent (top) or 8-h temporary (bottom) MCA occlusion. The normo glycemic animals subjected to either permanent or 8-h temporary MCA occlusion generally fared bet ter than did their hyper-and hypoglycemic counter parts, indicating that glycemia's effect on MCA oc clusion is not linear, but rather produces an optimal outcome in normoglycemic animals.
Permanent MCA occlusion
The Group 2 animals, subjected to permanent oc clusion and maintained normoglycemic thereafter, showed the lowest early mortality rates from hemi spheric edema (0%; see Table 2 ). The Group 4 and 5 animals, exposed to high serum glucose concen trations at occlusion but with reductions to normo or hypoglycemia thereafter, both died significantly more frequently from hemispheric edema than did the animals that were maintained normoglycemic throughout.
The surviving Group 3 animals, maintained hy perglycemic throughout, and the surviving Group 5 animals, which were hyperglycemic at occlusion but rendered hypoglycemic shortly thereafter, both showed significantly larger infarcts than did the sur viving Group 2 normoglycemic cats. The Group 4 (hyperglycemic at occlusion but normoglycemic thereafter), Group 1 (hypoglycemic throughout), and Group 6 (normoglycemic at occlusion but later rendered hyperglycemic), animals that survived all failed to show significant differences in survivor in farct size from the Group 2 normoglycemic animals.
We used as a gauge of overall outcome (to include the results with both surviving and nonsurviving an imals) the median infarct size of all animals of each group. Again, the Group 2 normoglycemic animals showed the smallest median infarct size of the six permanent occlusion groups. The infarct sizes of the Group 2, normoglycemic cats again differed sig nificantly from those of the Group 3, 4, and 5 ani mals, all of which were hyperglycemic at the time of MCA occlusion (Wilcoxon rank sum test). The Group 1 hypoglycemic and Group 6 normoglycemic animals rapidly rendered hyperglycemic showed only nonsignificant trends toward larger infarcts than did the Group 2 animals in spite of four-to fivefold differences in median infarct size. The Group 2 normoglycemic animals and the Group 5 animals hyperglycemic at occlusion but reduced to hypoglycemia afterward showed the largest (1 1 x) infarct size differences. We examined the effects of altering glycemia in normo-and hyperglycemic an imals shortly after permanent MeA occlusion using a linear regression analysis (excluding Group 5 treated from hyper-to hypoglycemia because of hy poglycemia's nonlinear effect). Figure 2 depicts a significant linear correlation observed between level of early glycemia (mean value at and 1 h after MeA occlusion) in normo-or hyperglycemic ani mals with subsequently sustained or switched gly cemia levels (Groups 2, 3, 4, and 6) and median infarct size as measured in surviving and nonsur viving animals of each group. Table 3 depicts the findings with the animals ex posed to temporary MeA occlusion. The normogly cemic Group 8 animals again showed lower death rates from hemispheric edema than did the hyper and hypoglycemic animal groups. However, this difference failed to reach statistical significance. The normo-and hyperglycemic animal groups showed similar infarct sizes in animals that survived and in the combined surviving and acutely dying animals. Those that were hypoglycemic prior to oc clusion developed significantly larger infarcts both in surviving animals and in combined surviving and acutely dying animals. Table 4 compares the various group combinations that differ significantly with respect to levels of gly cemia and/or release of occlusion with respect to their infarct sizes from the total groups and to death rates from hemispheric edema. Group combinations not described in Table 4 failed to differ significantly. Normoglycemic animals exposed to permanent and 8-h temporary MeA occlusion experienced signifi cantly smaller infarcts than did their hyper-or hy poglycemic counterparts. The three groups that were hyperglycemic at permanent occlusion devel oped larger infarcts than did the normoglycemic group. Normoglycemic animals subjected to perma nent MeA occlusion also died significantly less fre quently from hemispheric edema and brains tern compression than did hyperglycemic animals at or after occlusion. Finally, those animal groups in which blood flow was restored after 8 h of MeA occlusion died significantly more frequently from hemispheric edema than did those in which the clip was left in place.
Eight-hour, temporary MCA occlusion
DISCUSSION
The general surgical procedures used for MeA occlusion in the present study required anesthetiz ing the animals. We used pentobarbital because this anesthesia best provides for hours-long animal physiologic monitoring and the need for surgical re entry hours later for clip release. When pentobar bital is used under strictly controlled conditions, as in the present study, comparisons can be made of the general clinical and brain pathologic outcomes in different animal groups. However, its use does impose limitations on the extent to which direct ex trapolations may be made to the situation in humans.
Normoglycemic animals subjected to MCA oc clusion developed the least brain damage, with low death rates from acute hemispheric edema and small infarcts. On the other hand, the animal groups that were either hyper-or hypoglycemic both showed poorer outcomes: higher acute death rates and increased infarcts sizes. Thus, the present study, far from demonstrating a brain-protective ef fect of hypoglycemia, instead demonstrated injury enhancement from MCA occlusion. At the same time, glycemia, rather than being linearly related to stroke outcome, exhibited its optimal effect in nor moglycemia. Also, hypoglycemia during 8 h of tem porary occlusion not only failed to extend the per missible duration of focal brain ischemia, but sig nificantly worsened outcome compared with both normo-and hyperglycemia.
Serum glucose concentration more prominently aff ected brain pathologic outcome at the time of occlusion than during the &-8 h thereafter. Reduc ing the hyperglycemia present at MCA occlusion to below normal values failed to improve outcome. On the other hand, normalizing elevated serum glucose concentrations or inducing a hyperglycemia shortly after permanent MCA occlusion in normoglycemic animals yielded outcomes intermediate between those that develop during sustained normo-or hy perglycemia. Furthermore, a regression analysis demonstrated a significant linear relation between levels of early postocclusion glycemia in the normo and hyperglycemic range and cerebrovascular oc clusion outcome. These findings suggest stroke out come can be modified early following onset by altering serum glucose concentrations. However, alterations of serum glucose concentration should be performed cautiously, avoiding hypoglycemia, which, in the present study, tended toward outcome aggravation. Also, the time available to effect changes in glycemia relevant to outcome appears short since glycemia level at and for 1 h after MCA occlusion but not at later times correlated with out come. Thus, applicability of the regulation of serum glucose concentration in the treatment of stroke may be limited to that taking place in the hospital and to procedures involving induced ischemia. Hyperglycemic animals exposed to permanent MCA occlusion died acutely of hemispheric edema and brainstem compression significantly more fre quently than did similarly treated normoglycemic animals. Early death was particularly frequent when hyperglycemic animals were corrected to J Cereb Blood Flow Metab, Vol. 14, No.2, 1994 normo-or hypoglycemia following MCA occlusion. This raises the question of whether an osmotic mechanism may play a role in the enhanced edema formation such animals exhibit. Restoring blood flow also increased the frequency of death from hemispheric edema compared to maintained occlu sion. Thus, restoring blood flow after cerebral blood vessel occlusion for 8 h not only fails to show benefits but actually increases mortality.
Rendering cats hypoglycemic with insulin follow ing temporary or permanent MCA occlusion either failed to improve or actually worsened outcome. This finding differs from those of others in studies of cerebral ischemia where rendering rats hypogly cemic by insulin injection (even following ischemia) improved outcome both clinically and pathologi cally (Le May et aI., 1988a; Voll and Auer, 1988; Voll et aI., 1989; Strong et aI., 1990) . Insulin induced hypoglycemia also has been described as protecting the rabbit and rat spinal cord from injury due to ischemia (Robertson and Grossman, 1987; LeMay et aI., 1988b) . However, the present results are in accord with other studies in rats using a re versible MCA occlusion model (Yip et aI., 199 1) and in rat pups using a carotid occlusion model (Jager et aI., 199 1) where insulin-induced hypogly cemia accentuated injury. Insulin-induced hypogly cemia's detrimental effects on brain response to ischemia seem not to result from the insulin itself but from the hypoglycemia, since insulin adminis tration at different times prior to ischemia showed effects that correlated better with serum glucose concentration during ischemia than with insulin ad ministration (Yip et aI., 199 1) .
The opposite effects of insulin-induced hypogly cemia on cerebral or spinal cord ischemia may lie in the degree and duration of CBF reduction. The ischemia was complete but short-lived (10-20 min) in those studies where hypoglycemia ameliorated outcome (Le May et aI., 1988a,b; Voll and Auer, 1988; Voll et aI., 1989; Strong et aI., 1990) , but in complete and prolonged (45 min, 8 h, or permanent) in studies where aggravated outcome was reported (Jager et aI., 199 1; Yip et aI., 199 1; present study) . Exceptionally, Siemkowicz and Hansen (1978) de scribed better outcomes of 10 min of cerebral isch emia in normo-than in hypoglycemic rats.
Hypoglycemia may reduce neural tissue damage from circulatory arrest by limiting lactic acid accu mulation (Robertson and Grossman, 1987) . How ever, hypoglycemia's effects during focal ischemia with reduced rather than abolished blood flow may be more complex. A limited glucose supply may aggravate the brain tissue's reduction in high energy phosphates.
Thus, brain chemistry studies in cats and rats subjected to MCA occlusion show more marked re ductions in the brain energy state in the presence of normo-than hyperglycemia due to a more rapid and complete substrate depletion (Folbergrova et aI., 1992; Wagner et aI., 1992) . During early focal isch emia, in vivo magnetic resonance spectroscopy demonstrates that hypoglycemia gives rise to a less marked intracellular acidosis than does hyperglyce mia (Laptock et aI., 199 1) . However, if an incom plete ischemia is prolonged in hypoglycemic ani mals, lactic acid may accumulate in the ischemic tissue to high concentrations because such animals' greater reductions in energy charge more markedly stimulate glycolysis and the residual blood flow still supplies substrate to the ischemic territory. Such a paradoxical tissue lactic acid accumulation in hypo glycemia, if demonstrated, or the greater energy de pletion these animals experience might explain their greater pathologic changes after a prolonged incom plete ischemia.
The influence of intra-and postischemic serum glucose concentrations on infarct size after tempo rary focal ischemia has been studied in rats (Yip et al., 199 1) . Under these circumstances, rats achieve maximal infarct volume in a much shorter time than do cats, providing rats a much shorter treatment "window of opportunity." Normoglycemic rats de velop maximal infarcts after 90 min (Yip et aI., 199 1) compared to cats, which develop maximal in farcts only after 8 h (de Courten- Myers et aI., 1989b) . Consequently, the effects of altering serum glucose concentrations during the first hours of ischemia can be investigated in cats.
The present and earlier findings with cats (de Courten- Myers et aI., 1988 Myers et aI., , 1989a and rats (Yip et aI., 199 1) agree on a number of points, including (a) MCA occlusion in hyper-compared with normo glycemic animals causes larger infarcts; (b) MCA occlusion in animals with insulin-induced hypogly cemia causes larger infarcts than in animals with normoglycemia; (c) MCA occlusion in normoglyce mic animals rendered hyperglycemic after occlu sion causes infarcts intermediate in size between those produced in stably normo-or hyperglycemic animals.
The present study demonstrates that permanent or 8-h temporary MCA occlusions in normoglyce mic cats yield significantly smaller infarcts than in cats that are either hyper-or hypoglycemic indicat ing that glycemia generally yields a nonlinear effect with an optimum in the normoglycemic range. Se rum glucose concentration maximally affects out come during the first hour after permanent MCA occlusion. Restoring blood flow after 8 h of MCA occlusion more frequently kills animals from hemi spheric edema and brainstem compression than does permanent cerebral vessel occlusion. Produc ing a hyperglycemia at or shortly after permanent MCA occlusion increases the frequency of death from hemispheric edema and brainstem compres sion compared to maintenance of normoglycemia.
